Presenilins (PS) play a central role in ␥-secretase-mediated processing of ␤-amyloid precursor protein (APP) and numerous type I transmembrane proteins. Expression of mutant PS1 variants causes familial forms of Alzheimer's disease (FAD). In cultured mammalian cells that express FAD-linked PS1 variants, the intracellular trafficking of several type 1 membrane proteins is altered. We now report that the anterograde fast axonal transport (FAT) of APP and Trk receptors is impaired in the sciatic nerves of transgenic mice expressing two independent FAD-linked PS1 variants. Furthermore, FAD-linked PS1 mice exhibit a significant increase in phosphorylation of the cytoskeletal proteins tau and neurofilaments in the spinal cord. Reductions in FAT and phosphorylation abnormalities correlated with motor neuron functional deficits. Together, our data suggests that defects in anterograde FAT may underlie FAD-linked PS1-mediated neurodegeneration through a mechanism involving impairments in neurotrophin signaling and synaptic dysfunction.
Introduction
Presenilins (PS1 and PS2) are multipass membrane proteins that play a central role in intramembranous, "␥-secretase" processing of the ␤-amyloid precursor protein (APP) to generate ␤-amyloid (A␤) peptides (Sisodia and St George-Hyslop, 2002 ). Inheritance of mutations in genes encoding PS1, PS2, and APP cause familial Alzheimer's disease (FAD), which correlates with increased production of highly fibrillogenic A␤ 42 peptides that aggregate and subsequently deposit in the brains of human subjects affected with the disease (for review, see Price and Sisodia, 1998) . The brains of affected individuals also exhibit intraneuronal accumulations of paired helical filaments (PHFs) composed of hyperphosphorylated forms of the microtubule-associated protein tau (Trojanowski and Lee, 1994) .
A large body of evidence supports the notion that, in addition to their role in processing of numerous type I membrane proteins, PSs might play additional physiological roles. For example, studies using cultured primary neurons suggest that PS1 plays a role in regulation of intracellular trafficking of selected proteins, including APP (Naruse et al., 1998; Capell et al., 2000; Kim et al., 2001; Cai et al., 2003) , the neurotrophin receptor TrkB (Naruse et al., 1998) , N-cadherin (Uemura et al., 2004) , the PS1-interacting proteins intercellular adhesion molecule-5 (ICAM-5)/telencephalin (Annaert et al., 2001) , and nicastrin (Edbauer et al., 2002; Leem et al., 2002) , whereas PS2 has been shown to regulate the trafficking of cystatin C (Ghidoni et al., 2006) . More recently, Wang et al. (2006) have reported that, in the absence of PS1, the retinal pigment epithelium fails to undergo pigmentation because of mislocalization of 50 nm post-Golgi vesicles containing tyrosinase that would normally be transported to melanosomes. Finally, there is evidence that PS1 may play a role in the modulation of some protein kinase activities (Takashima et al., 1998; Pigino et al., 2003) .
In vitro reconstitution studies have revealed that the budding of endoplasmic reticulum (ER)-and trans-Golgi network (TGN)-derived APP-containing vesicles is dramatically increased in PS1-deficient cells, or cells expressing a dominantnegative PS1 D385A variant (Cai et al., 2003) . Supporting these observations, cell-surface labeling studies have shown increased steady-state levels of APP on the surface of cells lacking PS1 or expressing PS1 D385A. Conversely, vesicle biogenesis and the extent of cell-surface APP is reduced in membrane preparations from cells expressing FAD-linked PS1 variants (Cai et al., 2003) . Extending these observations, recent studies revealed that the PS1-interacting protein phospholipase D1 plays a role in PS1-regulated APP trafficking in neuronal cultures (Cai et al., 2006a,b) . Although these latter studies in cultured cells strongly suggest a role for PS1 in protein trafficking, no correlate had been documented for FAD using in vivo animal models.
Previously, we demonstrated that APP is axonally transported by anterograde fast axonal transport (FAT) in both peripheral and central nerves (Koo et al., 1990; Sisodia et al., 1993; Buxbaum et al., 1998; Lazarov et al., 2005) . Using the sciatic nerve ligation paradigm, we addressed the possibility that PS1 might play a role in FAT of APP and other membrane proteins in vivo. Unfortunately, mice with genomic deletions of PSEN1 die in late embryogenesis and preclude a direct evaluation of physiological PS1 function contributions to FAT in vivo. However, we generated transgenic mice that express human wild-type or FAD-linked PS1 variants and exploited these animals to assess FAT of APP and neurotrophin receptors (Trks) in the sciatic nerve. Here we show that FAT of both APP and Trk receptors, but not of the glycosylphosphatidylinositol (GPI)-linked prion protein (PrP), is markedly impaired in the sciatic nerves of transgenic mice expressing FAD-linked PS1 mutants. We further show reductions in both steady-state levels and accumulation of kinesin-1 in nerves of mice expressing mutant PS1 relative to nerves of mice expressing human wild-type PS1 (PS1HWT). These findings are consistent with and extend our recent observations that expression of FAD-linked PS1 mutants in embryonic cultured neurons leads to increased glycogen synthase kinase 3 (GSK-3) activity and reductions in kinesin-1-based transport of selected membrane proteins (Pigino et al., 2003) .
To assess functional consequences of FAD-linked PS1 variantinduced inhibition of FAT in vivo, we evaluated both morphological and behavioral parameters. We report that anterior horn motor neurons in the lumbar spinal cord of FAD-linked mutant PS1 mice exhibit AD-like increases in the phosphorylation of tau and neurofilaments, two major cytoskeletal proteins. Significantly, reductions in FAT and alterations in cytoskeletal protein phosphorylation observed in the spinal cord of FAD-linked PS1 mice were paralleled by functional impairments in motor activity. Our data support the notion that expression of FAD-linked PS1 leads to reductions in the supply of both neurotrophin receptors and presynaptic membrane components at nerve terminals, resulting in compromised motor neuron function.
Materials and Methods
Transgenic mice. Mice expressing FAD mutant human PS1 variants (PS1HWT, PS1M146L, and PS1⌬E9) and/or a chimeric mouse/human APP 695 harboring a human A␤ domain and mutations (K595N and M596L) linked to Swedish FAD pedigrees (APPswe) have been described previously Lee et al., 1997) . The background strains for APPswe are [C3H/HeJ ϫ C57BL/6J F3] ϫ C57BL/6J n1 and for PS1⌬E9 are C3H/HeJ ϫ C57BL/6J F3 mice. Mice used in this study were 5-12 months old.
Antibodies and Western blot analysis. For Western blot, the following antibodies were used: CT15 (Sisodia et al., 1993) , mAB22C11 (Weidemann et al., 1989; Hilbich et al., 1993) , mouse anti-␣ tubulin (1:10,000; Sigma, St. Louis, MO), rabbit anti-mouse PS1NTF (Thinakaran et al., 1997), 63-90 (Stenoien and Brady, 1997) , H2 (Brady et al., 1990) , antiTrk (C-20, 1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), anti-PrP antibodies (kindly provided by Dr. James Mastrianni, The University of Chicago, Chicago, IL), tau-5 (Biosource International, Camarillo, CA) tau-1 (1:2000; Roche, Indianapolis, IN), PHF-1 monoclonal antibody (mAb) (1:2000; Abnova, Heidelberg, Germany). Phosphorylationsensitive neurofilament antibodies SMI31, SMI32 (Sternberger Monoclonals, Lutherville, MD), and RM055 (Black and Lee, 1988) . Western blots were performed as described previously (Morfini et al., 2002b (Morfini et al., , 2004 Lazarov et al., 2005) .
Sciatic nerve ligation. Mice were anesthetized using a mixture of ketamine (75 mg/kg) and xylazine (4 mg/kg). The skin on the lateral surface of the right thigh was incised, and a section was made directly through the biceps femoris muscle. The sciatic nerve was exposed and doubly ligated using 4-0 silk sutures (Ethicon, New Brunswick, NJ). The contralateral nerve was left intact. Six or 24 h later, nerve segments (up to 0.5 cm) proximal and distal to the ligature were collected and frozen in liquid nitrogen. Corresponding contralateral nerve and cortex tissues were collected as well.
Protein extraction from nerve. Sciatic nerve segments were homogenized in extraction buffer [50 mM Tris, pH 7.2, 150 mM NaCl, 5 mM EDTA, protease inhibitor mixture (Sigma), and 100 mM PMSF] using a glass-made micro homogenizer. After addition of 1% SDS, the homogenate was centrifuged for 10 min. Protein concentration of clarified supernatants was determined using BCA protein assay kit (Pierce, Rockford, IL). Equal amount of proteins were analyzed by Western blot.
Spinal cord lysate preparation. Spinal cord samples were homogenized in 1 ml of ROLB buffer (10 mM HEPES, pH 7.4, 0.5% Triton X-100, 80 mM ␤-glycerophosphate, 50 mM sodium fluoride, 2 mM sodium orthovanadate, 100 nM staurosporine, 100 nM K252a, 50 nM okadaic acid, 50 nM microcystin, 100 mM potassium phosphate, and mammalian protease inhibitor cocktail (Sigma). Lysates were clarified by centrifugation using a TL100.3 rotor at 21,000 ϫ g for 5 min at 4°C. This centrifugation step was repeated once, and protein concentration was determined using BCA kit (Pierce).
Rotorod test. Transgenic mice harboring FAD-linked PS1 variants at age of 5 or 10 months were subject to habituation 4 d before the experiment, three times for 3 min a day. Mice were placed on the rotorod (Rotomex; Columbus Instruments, Columbus, OH), and rotation speed was accelerated from 4 to 40 m/s. Time on the rotorod (in seconds) has been recorded for each mouse. The first set of experiments took place at 5 months of age and the second trial at 10 months of age.
Electrophysiological examination of compound muscle action potentials. Mice were anesthetized with Avertin (0.5 mg/g, i.p.) and placed on a warm pad at a temperature of ϳ32-34°C. Recording needle electrodes were placed subcutaneously in the footpad. Supramaximal stimulation of sciatic nerves was performed with a 0.1-0.2 ms rectangular pulse, stimulating distally at the ankle and proximally at the sciatic notch with needle electrodes. Recordings were obtained on a Nicolet ViaSys (Madison, WI) VikingQuest EMG machine with a filter setting of 2 Hz to 10 kHz. Latencies correspond to the time lapse between the stimulus and the onset of compound muscle action potentials (CMAPs). Conduction velocities were calculated as follows: conduction velocities ϭ distance/ (proximal latency Ϫ distal latency). The peak-to-peak amplitudes of CMAPs were measured, and the ratio of proximal versus distal amplitude was used to determine the presence or absence of partial conduction block.
Immunohistochemical analysis of spinal cord sections. Spinal cords were obtained from transgenic mice harboring FAD-linked PS1⌬E9 or PS1HWT at 8 -9 months of age. Dissected spinal cords were frozen in dry ice-cold isopropanol and embedded in Tissue-Tek (Sakura, Tokyo, Japan). Transverse spinal cord cryosections (20 m) were fixed in 3.7% paraformaldehyde solution for 30 min. Sections were then washed in TBS and simultaneously blocked and permeabilized using 5% donkey serum and 0.5% Triton X-100 for 2 h at room temperature. Sections were incubated with PHF-1 mAb (1:2000; Abnova) overnight at 4°C, washed, and incubated with fluorophore-conjugated secondary antibodies for 1 h at room temperature. Sections were washed and mounted with glycerolbased mounting medium (polyvinyl alcohol mounting medium with antifading 1,4-diazabicyclo-[2.2.2]octane; Sigma).
Results

Expression of FAD-linked PS1 mutants impairs anterograde fast axonal transport of APP
A series of studies have documented deficits in the trafficking and/or maturation of APP in PS1-deficient cells or cells that express several FAD-linked PS1 variants (Naruse et al., 1998; Capell et al., 2000; Kim et al., 2001; Cai et al., 2003) . Studies in cultured neuroblastoma cells have revealed that expression of FAD-linked mutant PS1 impairs biogenesis of APP-containing vesicles de-rived from the ER and Golgi (Cai et al., 2003 (Cai et al., , 2006a . Furthermore, studies in cultured embryonic primary hippocampal neurons expressing FAD-linked mutant PS1 revealed reductions in kinesin-1-mediated delivery of selected synaptic markers and mitochondria to growing neurites (Pigino et al., 2003) .
To evaluate whether these latter observations could be extended to a relevant protein trafficking paradigm in vivo, we examined FAT of APP in the sciatic nerve of adult transgenic mice. We placed double ligatures in the sciatic nerves of transgenic mice harboring FAD-linked PS1HWT or the FAD-linked PS1⌬E9 mutant Lee et al., 1997) . Ligatures were introduced immediately distal to the point at which sensory fibers emanating from the L4/L5 dorsal root ganglia merge with fibers from lumbar motor neurons. At 6 h after ligation, we prepared detergent-soluble extracts from nerve segments proximal and distal to the ligatures. Western blot analysis using the APP C-terminal-specific antibody CT-15 (Koo et al., 1990; Sisodia et al., 1993) revealed that highly glycosylated forms of full-length APP accumulate in the segment proximal to the ligature in sciatic nerves of PS1HWT mice ( Fig. 1 A, Fl-APP panel, lane 2), as described previously (Koo et al., 1990; Sisodia et al., 1993 ). In contrast, accumulation of APP at the proximal segment of the ligature was markedly reduced in PS1⌬E9 mice ( Fig. 1 A, Fl-APP panel, lane 8). We then crossed the PS1⌬E9 mice with FADlinked APPswe mice to examine the effects of the mutant PS1 transgene on trafficking of a transgene-encoded APP. Double ligatures were placed in sciatic nerves for 6 h, and detergent extracts were prepared from segments proximal and distal to the ligature; detergent extracts from a segment of the contralateral, unligated nerve served as a control. We observed elevated levels of mature APPswe that accumulated at the segment proximal to the ligature in wild-type mice ( Fig. 1 A, Fl-APP panel, lane 5). However, levels of fulllength APP that accumulated at the proximal segment of the ligature in APPswe/ PS1⌬E9 mice were markedly diminished ( Fig. 1 A, Fl-APP panel, lane 11). In contrast to nontransgenic mice, immature nonglycosylated APP was present in all nerve segments of mice expressing APPswe. This was likely a consequence of expressing the APPswe transgene using the mouse PrP promoter, which leads to APP expression in non-neuronal cells of the sciatic nerve (i.e., Schwann cells, fibroblasts, and microglia). The fact that these immature APPswe polypeptides do not accumulate at the proximal ligature and hence, were not transported is consistent with this idea. Notably, mice expressing FADlinked APPswe variant do not show any impairment of APP accumulation ( Fig. 1 A, Fl-APP panel, compare lanes 2 and 5).
Densitometric analysis of immunoblot bands confirmed Western blot analysis and revealed a marked reduction (ϳ90%) in accumulation of APP in the proximal segment of PS1⌬E9 mice compared with PS1HWT. Also, a significant reduction (ϳ35%) in accumulation of transgenic and endogenous APP was seen in mice harboring APPswe/PS1⌬E9 compared with mice harboring APPswe (Fig.  1 B) . Notably, and consistent with our previous report (Lazarov et al., 2005) , there is neither an accumulation of ϳ43 kDa fulllength human PS1 and ϳ29 kDa PS1 derivatives ( Fig. 1 A, PS1 panel, lane 2) nor of the ϳ42 kDa PS1⌬E9 variant, a polypeptide that is not subject to endoproteolysis (Fig. 1 A, PS1 panel, lanes 8, 11) . Thus, neither endogenous PS1 nor transgene-encoded PS1 displayed the rates of accumulation pattern observed for APP and other vesicular proteins (Lazarov et al., 2005) .
To establish that the reduction of APP transport in nerves of PS1⌬E9 animals is not simply attributable to perturbations induced by transgene integration effects or the result of expressing the unprocessed PS1⌬E9 mutant, we compared the accumulation of APP in the proximal segment of nerves obtained from mice expressing PS1HWT and PS1M146L variants . We show that the levels of endogenous APP that accumulated at the proximal segment of ligated nerves from PS1M146L mice were markedly diminished compared with levels accumulated in mice expressing PS1HWT (Fig. 1C , compare lanes 5 and 2, respectively). Quantitative analysis confirmed these reductions (ϳ28%) in accumulation of APP at the proximal segment of PS1M146L compared with PS1HWT mice (Fig. 1 D) . Thus, in vivo expression of two independent FADlinked PS1 mutants impairs the anterograde FAT of APP in sciatic nerve.
FAD-linked PS1⌬E9 impairs anterograde fast axonal transport of selected membrane proteins
Previous studies have shown that the trafficking of several integral membrane proteins, including the neurotrophin receptor TrkB (Naruse et al., 1998; Hamano et al., 2005) , the PS1-interacting protein telencephalin [ICAM-5 (Annaert et al., 2001) ], and the PS1-associated protein nicastrin (Edbauer et al., 2002; Leem et al., 2002) , are altered in mammalian cells that either lack PS1 or express FAD-linked PS1 variants. In addition, our previous studies on the delivery of membrane proteins into neurites of cultured hippocampal neurons revealed a selective reduction in the levels of synaptophysin and syntaxin-I-containing vesicles but not of synaptosome-associated protein of 25 kDa-containing vesicles in neurons expressing FAD-linked PS1 compared with PS1HWT-expressing ones (Pigino et al., 2003) .
Extending these latter studies to an in vivo setting in mature neurons, we assessed the effects of expressing FAD-linked PS1 variants to several polypeptides that are subject to anterograde FAT, including neurotrophin receptors (Ehlers et al., 1995; Kamal et al., 2001 ) and the GPI-linked PrP (Borchelt et al., 1994) . We placed double ligatures in sciatic nerves of transgenic mice expressing either PS1HWT or the FADlinked PS1⌬E9 variant for 6 h and prepared detergent extracts from segments proximal and distal to the ligature. An equivalent segment obtained from the intact contralateral, unligated sciatic nerve served as a control (Fig. 2 A) . As expected, levels of accumulated APP were markedly reduced in the proximal segment of sciatic nerves obtained from PS1⌬E9 mice (Fig. 2 A, APP panel,  lane 4) . Reprobing the membrane with the C14 antibody, raised against a peptide sequence shared by all neurotrophin receptors, revealed a marked decrease in levels of accumulated Trks in the proximal segment of ligated nerves from PS1⌬E9 mice compared with corresponding segments from PS1HWT mice (Fig. 2 A, Trk panel, compare lanes 4 and 2, respectively). In contrast, similar levels of PrP accumulated in the proximal segments of mice expressing PS1HWT or PS1⌬E9 (Fig. 2 A, PrP panel, compare lanes 2 and 4, respectively). Densitometric analysis of immunoblot bands confirmed these observations above (Fig. 2 B, 16 and 37% reductions in the levels of accumulated APP and Trk, respectively, at the proximal segments of ligated nerves from PS1⌬E9 mice compared with PS1HWT mice). Levels of accumulated PrP remained unchanged (Fig. 2 B) . Thus, expression of an FADlinked PS1 variant selectively impairs FAT of membrane cargo vesicles containing APP and Trk, without affecting FAT of cargo vesicles containing PrP.
Reduced FAT and enhanced degradation of kinesin-1 in sciatic nerve of mice expressing FAD-linked PS mutant
Previous studies revealed that expression of FAD-linked PS1 variants leads to an elevation in GSK-3 kinase activity (Takashima et al., 1998) . Furthermore, increased GSK-3 activity and reduced levels of kinesin-1 in membrane fractions was reported in mice that express the FAD-linked PS1M146V variant (Pigino et al., 2003) . These findings, together with the demonstration that GSK-3-mediated phosphorylation of kinesin-1 light chains (KLCs) leads to dissociation of kinesin-1 from vesicles (Morfini et al., 2002b) , suggested that mutant PS1 might impair FAT of selected cargos by affecting the association of kinesin-1 with membranous organelles (Pigino et al., 2003) . To examine this issue, we probed the samples shown in Figure 2 A with H2 antibody that recognize all kinesin-1 heavy chain gene products (KHCs) and 63-90 antibodies that recognize KLCs. Remarkably, steady-state levels of full-length KHC and KLC in unligated nerves from PS1⌬E9 mice were lower than levels detected in PS1HWT nerves (Fig. 2 A, KHC and KLC panels, lanes 3 and 1, respectively), as described previously for PS1M146V mutant mice (Pigino et al., 2003) . Moreover, the levels of KHC and KLC that accumulated at the proximal segment of the ligature of PS1⌬E9 nerves were lower than levels seen in an equivalent segment from PS1HWT nerves (Fig. 2 A, KHC and KLC panels, lanes 4 and 2, respectively). Thus, expression of FAD-linked mutant PS1 impairs FAT of kinesin-1. Significantly, we detected multiple H2-immunoreactive polypeptides of lower molecular weight in both unligated and proximal nerve segments of mice expressing PS1⌬E9 (Fig. 2 A, KHC panels, lanes 3 and 4) . These polypeptides may represent proteolytic fragments of kinesin-1, consistent with previous suggestions of kinesin-1 degradation after removal from vesicles (Morfini et al., 2002b) . ior in the home cage, motor function has not been formally tested in these animals. Our observations of FAT impairments in the sciatic nerve of FAD-linked PS1⌬E9 mice prompted us to assess motor activity of PS1⌬E9 mice by examining their performance on the rotorod (Jones and Roberts, 1968a,b) . For these studies, we compared the rotorod activity of a cohort of eight mice harboring FAD-linked PS1HWT with a cohort of eight mice harboring PS1⌬E9 at the ages of 5 and 10 months. Significantly, transgenic mice harboring the FAD-linked PS1⌬E9 variant exhibited reduced rotorod activity compared with PS1HWT mice at both time points (Fig. 3) . The average Ϯ SE running time of the PS1HWT mice was 116 Ϯ 7 min at age of 5 months and 113 Ϯ 6 min at age of 10 months. The average running time of the PS1⌬E9 mice was 92 Ϯ 6 and 76 Ϯ 3 min at age of 5 and 10 months, respectively (Fig. 3) . These animals will be referred to as "rotorod mice" throughout the text.
Transgenic mice harboring FAD-linked PS1⌬E9 exhibit impaired motor activity
Morphological and electrophysiological parameters are unaffected in the sciatic nerve of mice expressing FAD-linked PS1⌬E9
We evaluated the possibility that impaired motor performance of the FAD-linked PS1⌬E9 on the rotorod might be the result of impairments unrelated to deficits in anterograde FAT. To this end, we first examined the possibility that FAD-linked PS1 transgenic mice might exhibit functional deficits in nerve conduction velocities, shown previously to be an early indication of neuropathology in a mutant mouse animal model of amyotrophic lateral sclerosis, a human motoneuron disease (Holtmann et al., 1999) . To examine this issue, mice that were subject to the rotorod test (Fig. 3 , age of ϳ11 months) were reassessed by electromyography. CMAPs were recorded after distal and proximal stimulation of the sciatic nerve. Our examination failed to reveal any differences in CMAP amplitudes, distal latencies, or conduction velocities between the two groups of transgenic mice (Fig.  4 A) . In addition, there was no evidence of partial conduction block or temporal dispersion that would indicate the presence of a demyelination neuropathy.
We next examined the morphology of nodal and paranodal structures in the sciatic nerves of the wild-type or FAD-linked PS1⌬E9 rotorod mice (Scherer and Arroyo, 2002) , because changes in these structures might account for the observed motor deficits (Samsam et al., 2002; Court et al., 2004; Taylor et al., 2004) . We prepared single fibers from teased sciatic nerves (see Materials and Methods) (Krinke et al., 2000) and performed immunostaining with antibodies raised against Pan voltage-gated sodium channel (VGSC) or antibodies raised against paranodin/ contactin-associated protein (Caspr). We did not observe alterations in the distributions of VGSC or paranodin/Caspr in the sciatic nerves of the FAD-linked PS1⌬E9 rotorod mice compared with the wild-type mice exposed to the rotorod (Fig. 4 Bb,Bd) . This immunohistochemical analysis also suggested that VGSC and paranodin/Caspr, along with PrP, do not show defects in their axonal compartmentalization and anterograde FAT. Collectively, these findings argue that the motor impairments of PS1⌬E9 transgenic mice are not attributable to major morphological or functional deficits in their sciatic nerves.
We then evaluated whether motor deficits in the PS1⌬E9 mice might result from primary muscle atrophy (Vallat, 2003) . Muscle morphology was examined in serial sections of the quadriceps dissected from the rotorod mice. Muscle stained with antibodies raised against slow-tonic myosin heavy chain isoforms appeared intact in both PS1HWT and PS1⌬E9 mice (Fig. 4 Ba,Bc), suggesting that impaired motor activity in the PS1⌬E9 mice is not attributable to pathology in the muscle itself.
Altered cytoskeletal protein phosphorylation in FAD-linked PS1⌬E9 transgenic mice lumbar spinal cord
Hyperphosphorylation of tau is a hallmark of AD. Significantly, alterations in phosphorylation-dependent regulatory pathways for FAT and misregulation of kinase activities have been shown to underlie FAT defects in various experimental models of human neurodegenerative diseases (Morfini et al., 2002a (Morfini et al., ,b, 2006 (Morfini et al., , 2007 . Intriguingly, recent studies have reported axonal pathology in the spinal cord of mice that coexpress the FAD-linked APPswe and PS1⌬E9 variants (Wirths et al., 2006) . These observations led us to explore alterations in kinase activities in the spinal cord of FAD-linked mutant PS1⌬E9 mice. The phosphorylation status of both tau and neurofilament protein was analyzed in lumbar spinal cords of 5-month-old PS1HWT and PS1⌬E9 transgenic mice using phospho-specific mAbs. Using tau-5, an antibody that recognizes all tau isoforms, we observed no changes in steady-state levels of tau isoforms in spinal cord samples from PS1HWT and PS1⌬E9 transgenic mice (Fig. 5A, Tau5 panel, arrows) . Reprobing the membrane with PHF-1 mAb, which recognizes a phosphorylated epitope at Ser-396/Ser-404 of tau (Seubert et al., 1995; Hernandez et al., 2003) , revealed increased levels of phosphorylation for medium-molecular-weight (arrows) and highmolecular-weight (arrowheads) tau isoforms in PS1⌬E9 transgenic mice compared with mice expressing PS1HWT (Fig. 5A,  PHF-1 panel) . High-molecular-weight tau isoforms (approximate molecular weight of 110 kDa) are predominantly expressed in the peripheral nervous system and in spinal cord motor neurons that project to the peripheral nervous system (Georgieff et al., 1991 (Georgieff et al., , 1993 . In support of our observation, high-molecularweight tau isoforms could not be detected in protein extracts of cortex and hippocampus of these mice (data not shown). To establish immunolocalization of PHF-1 positive spinal structures, spinal cord sections of mice harboring FAD-linked PS1HWT or PS1⌬E9 were immunolabeled with PHF-1 mAb. Increased immunostaining was detected in all areas of white matter (i.e., anterior, lateral, and posterior funiculus and anterior commissure) and in cell bodies in the ventral horn ( Fig. 5B ; indicated with arrows in Fig. 5 ).
Neurofilaments are major cytoskeletal phosphoproteins in axonal compartments, and these are composed of three polypeptide subunits of diverse molecular weight: NF-H (heavy, ϳ200 kDa), NF-M (medium, ϳ150 kDa), and NF-L (light, ϳ70 kDa). In vivo, both NF-Hs and NF-Ms are heavily phosphorylated by various protein kinases, most notably cyclin-dependent protein kinase 5 and GSK-3 (Guidato et al., 1996; Bajaj and Miller, 1997; Julien and Mushynski, 1998; Hallows et al., 2003) . Immunoblotting with phospho-specific mAbs SMI31 and SMI34 raised against KSP residues on both NF-H and NF-M show increased immunoreactivity for NF-M on spinal cord samples from PS1⌬E9 compared with control PS1HWT cortical samples (Fig. 5C) . Remarkably, other NF-M phosphoepitopes remained unchanged, as revealed by RMO55, a phospho-specific anti-NF-M mAb (Fig. 5C ). SMI31 or SMI34 immunoreactivity for NF-H showed no consistent differences between PS1⌬E9 or PS1HWT samples for either (data not shown). Interestingly, PHF-1 mAb recognizes phosphorylated tau epitopes preferentially phosphorylated by GSK-3 (Godemann et al., 1999; Lee et al., 2003) , and SMI31 and SMI34 phosphoepitopes are altered in mice displaying increased GSK-3 activity (Hallows et al., 2003) . Increased tau and neurofilament protein phosphorylation in spinal cords of FAD-linked PS1⌬E9 mice strongly suggest deregulation of GSK-3 and perhaps other kinase activities in the spinal cords of PS1 mutant mice. These alterations in kinase activity correlated with deficits in FAT and preceded motor neuron dysfunction in spinal cord.
Discussion
Compelling evidence has emerged suggesting that PS1 plays a central role in ␥-secretase-mediated intramembranous processing of APP and a variety of additional type I integral membrane proteins (for review, see De Strooper, 2003) . In addition, it is becoming increasingly clear that PS1 regulates the intracellular trafficking of several membrane proteins in neuronal and non-neuronal cells (Naruse et al., 1998; Capell et al., 2000; Annaert et al., 2001; Kim et al., 2001; Edbauer et al., 2002; Leem et al., 2002; Cai et al., 2003; Pigino et al., 2003; Wang et al., 2006) . For example, expression of FAD-linked PS1 variants markedly impairs intracellular trafficking of membrane proteins in cellfree reconstitution systems (Cai et al., 2003) . The evidence also indicates that mutations in PS1 may compromise neuronal function by increasing GSK-3 activity and kinesin-1-based transport of selected membrane proteins (Pigino et al., 2003) . In the present report, we extended these latter observations by examining the effects of FAD-linked PS1 expression on anterograde FAT of kinesin-1 and various membrane proteins in vivo and now provide several novel insights. First, nerve li- gation experiments demonstrated that transgenic mice harboring FAD-linked mutant PS1 exhibit a marked impairment in the anterograde FAT of several membrane proteins, including APP and Trk receptors. In these settings, FAT of PrP, a GPI-linked cargo, seems to be unaffected, suggesting a selective effect of pathogenic PS1 on a subset of kinesin-1-transported cargos. Our observation that expression of FAD-linked mutant PS1 impairs FAT of Trk receptors has significant implications regarding AD pathogenesis, particularly in view of the crucial roles of Trk receptors in synaptic transmission, synaptic plasticity (Kang and Schuman, 1995; Kang et al., 1996 Kang et al., , 1997 Rosch et al., 2005) , and neuronal survival through neurotrophin signaling (for review, see Huang and Reichardt, 2003) .
Second, we demonstrate that the steady-state levels and transport of kinesin-1, a major motor protein responsible for the actual execution of anterograde FAT, are markedly reduced in axons of mice expressing the FAD-linked PS1⌬E9 variant. The reduction in axonal levels of kinesin-1 was accompanied by the appearance of several kinesin-1 antibody-immunoreactive polypeptides of lower molecular weight, which may represent degradative intermediates (Morfini et al., 2002b) . Interestingly, GSK-3-mediated phosphorylation of kinesin-1 promotes its detachment from the transported membrane cargoes (Morfini et al., 2002b) , and the lack of kinesin-1 accumulation at synaptic terminals suggested that most kinesin-1 is degraded shortly after cargo delivery (Li et al., 1999) .
GSK-3-mediated phosphorylation of kinesin-1 represents one of multiple regulatory pathways for kinesin-1-based motility (Morfini et al., 2002b) . Interestingly, PS1 associates with GSK-3 (Takashima et al., 1998; Tesco and Tanzi, 2000; Pigino et al., 2003) , and expression of FAD-linked PS1 in mammalian cells has been reported to increase GSK-3 activity (Takashima et al., 1998; Weihl et al., 1999; Pigino et al., 2003; Baki et al., 2004) . Furthermore, PS1M146V knock-in mice show increased GSK-3 activity and deregulated FAT of selected synaptic markers and mitochondria along neuritic processes of cultured primary hippocampal neurons (Pigino et al., 2003) . Thus, mice transgenic for different human FAD-associated PS1 mutations show in vivo deficiencies in FAT of selected membrane cargos, which correlates with activation of GSK-3.
Third, we report that expression of the FAD-linked PS1⌬E9 variant leads to increased phosphorylation of NF-M as well as low-and high-molecular-weight tau isoforms in the lumbar spinal cord, as shown by increased SMI32, SMI34, and PHF-1 immunoreactivities. The molecular mechanisms by which PS1 mutations lead to increased GSK-3 activation are not explicitly addressed in this work, but a possibility is that mutant PS1 induced alterations in the activities of regulatory pathways for GSK-3 (Baki et al., 2004; Morfini et al., 2004) . Direct or indirect alterations in GSK-3 activity would lead to impaired FAT by deregulating kinesin-1 function (i.e., kinesin-1 association to transported cargoes).
Fourth, we documented that expression of FAD-linked mutant PS1⌬E9 leads to functional motor deficits. Rotorod tests at additional time points would enable an accurate assessment of the dynamic nature of motor deficits induced by FAD-linked PS1 mutations. It should be emphasized that, in our study, motor deficits were not examined in other transgenic variants. It is not presently known whether these behavioral manifestations are a direct result of impairments in FAT and/or tau pathology, but it is significant that loss-of-function mutations in a single kinesin-1 heavy chain gene (KIF5A) suffice to produce motor neuron degeneration in some forms of hereditary spastic paraplegia (Reid et al., 2002; Fichera et al., 2004) . Regardless, we considered the possibility that impaired motor function may result from pathological mechanisms unrelated to impaired FAT, but we did not observe altered myelination in the sciatic nerve, abnormal CMAP, or neurogenic muscular atrophy.
We now propose a model that accommodates our principal findings (Fig. 6) . According to this model, expression of FADlinked mutant PS1 induces an increase in GSK-3 activity, possibly through alterations in activity levels of enzymes that play a role in GSK-3 phosphorylation (Beffert et al., 2002; Morfini et al., 2004) , leading to enhanced phosphorylation of kinesin-1 and its dissociation from cargoes. Consistent with this model, tau and NF-M exhibit increased phosphorylation at GSK-3-preferred sites. As a Figure 6 . FAD-linked mutant PS1-induced neuropathology. Appropriate neurotrophic support and synaptic function depends on kinesin 1-mediated transport of neurotrophin receptors (Trk) and synaptic cargoes to their final sites of utilization. In a model encompassing our data, expression of FAD-linked PS1 mutants (mut PS1) results in increased GSK-3 activation (Pigino et al., 2003) , possibly by altering the activity of phospho-transferases involved in GSK-3 regulation (Beffert et al., 2002; Morfini et al., 2004) . Activated GSK-3 phosphorylates KLC (P), which in turn promotes dissociation of kinesin-1 from its transported cargo (Morfini et al., 2002b) , resulting in impaired anterograde FAT of critical axonal cargoes (Pigino et al., 2003) . Additionally, increased GSK-3 activation leads to the characteristic increases in tau and neurofilament (NF) phosphorylation, widely reported in AD. FAD-linked mutant PS1-induced reductions in FAT would result in impaired neurotrophin signaling and synaptic dysfunction. PIP3, Phosphatidylinositol 3,4,5-triphosphate; PP1, protein phosphatase-1; CDK5, cyclin-dependent kinase-5.
result, FAT of membrane proteins from the cell body to axonal, dendritic, and synaptic destinations would be compromised, leading to impairments in both synaptic and neurotrophic function. These changes would ultimately lead to neurodegeneration and motor neuron dysfunction.
The demonstration that expression of FAD-linked mutant PS1 impairs FAT of a subset of membrane proteins in peripheral nerves might also have mechanistic implications for understanding a variant clinical phenotype, termed spastic paraparesis, described in several pedigrees exhibiting early-onset AD caused by mutations in PSEN1, including a PSEN1 variant that lacks exon 9 (PS1⌬E9) (Kwok et al., 1997; Crook et al., 1998; Hiltunen et al., 2000; O'Riordan et al., 2002; Orlacchio et al., 2002; Tabira et al., 2002; Assini et al., 2003; Brooks et al., 2003; Rogaeva et al., 2003; Moretti et al., 2004; Munhoz et al., 2006) . Patients with spastic paraparesis exhibit lower limb weakness and hyperreflexia associated with severe degeneration of corticospinal tracts that are among the longest motor and sensory axons in the body (Bruyn, 1992) . It is not certain whether corticospinal degeneration is the result of impaired FAT, but it seems noteworthy that a family with autosomal dominant hereditary spastic paraplegia has been described recently in association with loss-of-function mutations in KIF5A (Reid et al., 2002) . In addition, a missense mutation in the microtubule-binding domain of dynactin that causes human motor neuron disease (Puls et al., 2003) , and dominant mutations in cytoplasmic dynein heavy chain cause motor neuron degeneration in mice (Hafezparast et al., 2003) . All of these observations strongly suggest that alterations in regulatory mechanisms for either anterograde or retrograde FAT might play critical roles in the pathogenesis of neurodegenerative diseases (Morfini et al., , 2007 .
